To explain the finding that motion assimilation was dominant between nearby motion signals while motion contrast between distant ones, a center-surround antagonistic mechanism was proposed [Nawrot & Sekuler (1990) . Vision Research, 30, 1439Research, 30, -1451. However, motion assimilation occurred not only between nearby signals but also between distant ones, suggesting the existence of a center-surround non-antagonistic mechanism [Ido, Ohtani & Ejima (1997) . Vision Research, 37, 1565 -1574]. The present study was designed to provide direct evidence for the non-antagonistic mechanism, and to examine further the motion interactions which operate in different spatial scales. The nature of motion interaction between the test and the inducer was examined by varying the size, the number of frames, the frame duration and the inter-frame displacement of random-dot kinematograms. The results were consistent with the notion that there are three types of interactions in human motion processing; one is a summation process effective within nearby regions, and the other two are facilitative and inhibitory induction processes operating over larger spatial scales. Analysis of the results in terms of the Fourier components suggests that the facilitative and the inhibitory induction processes may be sensitive, respectively to the lower and the higher temporal frequency components of the stimulus.
Introduction
Appearance of a stimulus presented within one region in the visual field is influenced by other neighboring stimuli. In motion perception, the influence is exemplified by an illusory motion phenomenon; a target stimulus which is stationary or undergoing directionally ambiguous motion is perceived to move clearly in one direction when surrounded by moving stimuli (Levi & Schor, 1984; Anstis, 1986; Reinhardt-Rutland, 1988; Nawrot & Sekuler, 1990; Murakami & Shimojo, 1993 Nishida, Edwards & Sato, 1997) . The illusory motion demonstrates the interaction between motion signals in neighboring regions, which is indispensable not only to obtain direction and speed of moving objects reliably but also to extract information about their contours, depth and three-dimensional structures (Hildreth & Koch, 1987; Braddick, 1993; Smith & Snowden, 1994) .
The illusory motion takes either of the two forms: motion contrast and motion assimilation. Motion contrast refers to the phenomenon that a target stimulus is perceived to move in the opposite direction to inducing stimuli, and motion assimilation refers to the phenomenon that a target stimulus is perceived to move in the same direction as inducing stimuli. Recent studies have suggested that these two types of illusory motion may be subserved by a common mechanism of interaction between local motion signals. Nawrot and Sekuler (1990) examined the relative dominance of motion contrast and assimilation with a multi-frame motion display comprised of alternating strips of random-dot kinematogram. In one set of the interdigitated strips, half the dots moved coherently in one direction, and in the other intervening set all the dots moved in random directions. They reported that, when the strips were narrow, the dots in all the strips appeared to move in one direction, whereas when the strips were wide, the dots in the alternating strips were perceived to move in the opposite directions. Based on this result, they proposed an antagonistic mechanism in which facilitative interaction occurs between nearby motion signals, while inhibitory interaction occurs between distant ones. The existence of the antagonistic mechanism was further supported by Shimojo (1993, 1996) . In their model, the antagonistic mechanism is composed of a smaller center subregion and a larger surround subregion. The center subregion is selective to motion in one direction and the surround subregion is tuned to the opposite direction. The activity to the stimulus preferred by the center subregion is facilitated by the simultaneous presence of motion in the opposite direction in the surround subregion.
Recently, Ido, Ohtani and Ejima (1997) reported a phenomenon which seems to be inexplicable in terms of the antagonistic model. They used two-and multiframe motion displays comprised of three strips of sinusoidal gratings whose phases were shifted between frames. They showed that for the two-frame display, the phase-reversed center grating, which by itself gave rise to ambiguous motion, appeared to move in the same direction as the flanking gratings which were 90°-phase-shifted and moved unambiguously in one direction (see also Ohtani, Ido & Ejima, 1995) . On the other hand, for the multi-frame display, the static center grating, which by itself gave rise to no motion, appeared to move in the opposite direction to the flanking moving gratings (see also Levi & Schor, 1984) . These results indicated that identical spatial configuration of the stimulus induced either motion contrast or motion assimilation depending on the temporal characteristics of the stimulus. Further, for the two-frame display, increasing the size of the flanking gratings did not lead to the change from motion assimilation into motion contrast but rather enhanced the magnitude of assimilation. This finding led Ido et al. (1997) to suppose that there may exist a center-surround 'non-antagonistic' mechanism which mediates facilitative interaction between distant motion signals as well as nearby signals in the two-frame display.
A phenomenally notable point is that the motion assimilation which Ido et al. (1997) reported was quite different from that reported by Nawrot and Sekuler (1990) ; in the former case, the center and the flanking gratings were clearly segregated from each other with respect not only to their positions but also to their apparent speed and/or jump size, while in the latter, the interdigitated strips were not segregated perceptually and appeared to move coherently in the same direction at the same speed. The phenomenal difference and the distinct effects of stimulus size suggest that motion assimilation may be mediated not by a single process of interaction but by multiple processes which operate in different spatial scales.
One possible hypothesis which emerges from the above mentioned studies may be the one that assumes three types of motion interaction: the first gives rise to motion assimilation between nearby motion signals, the second and the third give rise to, respectively, motion contrast and motion assimilation between distant signals. The first type of motion interaction is supposed to be mediated by a 'summation process' (i.e. spatial summation of motion signals in the dimension of direction) which is characterized by two points. First, it operates in a relatively small region. Second, within the region where this process operates, local motion signals are summed and possibly averaged. As a result, the stimuli with various local motion directions are not segregated but combined to yield a unified motion percept (cf. Nawrot & Sekuler, 1990; Murakami & Shimojo, 1993 . The summation process is supposed to constitute the center subregion of the centersurround mechanism.
The second and the third types of motion interaction are supposed to be mediated by an 'induction process', which prevails in a much larger spatial scale than the summation process. Unlike the summation process, the induction process does not cause perceptual integration of stimuli with different local motion properties (i.e. the stimuli remain perceptually segregated), but serves to bias the appearance of stimuli. Thus the apparent direction of motion for a target stimulus can be altered when an accompanying stimulus activates the induction process. The induction process may be classified into two categories: inhibitory and facilitative processes. The inhibitory process suppresses the directional signal for the stimulus moving in the same direction, causing motion contrast (cf. Levi & Schor, 1984; Nawrot & Sekuler, 1990; Murakami & Shimojo, 1993 Ido et al., 1997) . The facilitative process, on the other hand, strengthens the directional signal, causing motion assimilation (cf. Ohtani et al., 1995; Ido et al., 1997) . The inhibitory and the facilitative processes are supposed to be mediated by the surround subregion of the centersurround mechanism.
The first purpose of the present study is to substantiate this hypothesis. To do so, it is necessary, first of all, to clarify that the different patterns of the previous results are not due to artifacts brought about by the widely different stimuli employed (e.g. random-dot vs. grating patterns). Secondly, the center subregions of the antagonistic and the non-antagonistic mechanisms should be characterized by a common property of spatial summation of local motion signals. That is, for the stimuli which tap only the center subregion, motion perception (e.g. measured in terms of apparent coherence of motion) should be prescribed by a common function of the strength of local motion signals, irrespective of the type of the center-surround mechanism (i.e. antagonistic or non-antagonistic). Thirdly, for the stimuli which tap both the center and the surround subregions, there should be facilitative and inhibitory interactions between distant motion signals depending on the type of the center-surround mechanisms activated. The first two experiments in the present study address these issues.
The second purpose of the present study is to analyze the induction process in terms of the spatiotemporal frequency spectrum of the stimulus. The previous studies on the induction process have been mainly concerned with the effects of stimulus in the space-time dimension (e.g. the size and the frame duration) and have not paid much attention to the characteristics of the process in the frequency domain. Since most of the current models of local motion detection are based on a representation of spatiotemporal frequency spectrum of the stimulus, an analysis of the induction process in terms of the frequency spectrum is expected to provide a deeper insight into the relation between the process of local motion detection and that of motion induction. The third experiment focuses on this point.
General methods

Apparatus and stimulus
The stimuli were generated by a VSG 2/3 graphic card (Cambridge Research Systems) housed in a PC/ AT compatible computer, and presented on a color CRT monitor (Sony GDM17SE2T; P22 phosphor) at a refresh rate of 100 Hz. Fig. 1 shows the stimulus configuration schematically. The stimulus display was composed of three rectangular fields demarcated or separated by no gaps or physical lines. The three fields were identical in size; the width of each field was 6.0°, and the height was varied depending on the experimental condition.
In each field, a version of a random-dot kinematogram was presented. The kinematogram, hereafter termed 'stochastic random-dot kinematogram (sRDK)', consisted of two sets of dots: signal dots and noise dots. The signal dots were displaced by a fixed amount in one direction (either leftward or rightward) between the frames of the kinematogram, and the noise dots were displaced in random directions by the same amount as the signals dots. The signal and the noise dots were randomly selected afresh on each new frame of the kinematogram (Nawrot & Sekuler, 1990; Barton, Rizzo, Nawrot & Simpson, 1996; Scase, Braddick & Raymond, 1996) . A 'wrap-around' scheme was used for the dots displaced out of the boundary of the field; the dots 'reappeared' at the opposite side of the field. Each dot was a square of 2.1 min and the density of the dots was 25 dots/deg 2 . The luminance of the dots was 19 cd/m 2 and the background was dark (0.0 cd/m 2 ). The number of frames (n), the frame duration (dt), and the inter-frame displacement (dx) of the kinematograms were varied as parameters. Intervals between the frames were not introduced, except for the blanking period of the CRT monitor. The parameter values employed in experiments 1-3 are shown in Table  1 . For each combination, the observer perceived clear motion of the kinematogram in the direction of the displacement of the signal dots when the proportion of the signal dots was high enough. 1 We call each set of the three parameters a 'motion-parameter' of the The stimulus display was composed of three rows of rectangular fields. The dashed lines were shown for clarity of the figure, but the actual stimulus contained no gaps or lines demarcating the fields. The width of each field was 6.0°, and the height was varied depending on the experimental condition. In each field, a 'stochastic random-dot kinematogram' was presented which contained the signal dots displaced in one direction between the frames of the kinematogram, and the noise dots displaced in random directions. Each dot was a square of 2.1 min and the density of the dots was 25 dots/deg The test and the comparison stimuli were composed of three rectangular fields of identical size, in each of which the sRDK was presented. For the test stimulus, the signal proportion of the sRDK presented in the center field was 0%, and the signal proportion in the upper and the lower fields was 50%. The signal dots in the upper and the lower fields were displaced in the same direction. For the comparison stimulus, the signal proportion in each of the three fields was 33% and the signal dots in the three fields were displaced in the same direction.
A two interval forced choice procedure was employed. In each trial, the test and the comparison stimuli were successively presented in random order, separated by a 1000 ms interval of blank screen (0.0 cd/m 2 ). The observer was required to report the interval in which the test stimulus was presented, by pressing an appropriate keyswitch at hand. The signal dots in the test and the comparison stimuli were displaced in the same direction in a trial, and the direction was varied at random across trials.
According to the method of constant stimuli, the height of the test and the comparison stimuli was varied between 0.18°and 5.7°across trials. Twenty trials for each stimulus height composed a single session. The motion-parameter (n, dt, dx) was varied across sessions. For each motion-parameter, at least four sessions were executed.
Results
Fig . 2 presents the results of experiment 1A. An example of the data for one observer (YO) is shown in the upper panel, where the proportion of correct responses (P correct ) is plotted as a function of the stimulus height. Each data set was obtained in a single session. Dashed and dotted curves represent the functions fitted with a function
by the method of least squares.
For each data set, the P correct vs. stimulus-height function is characterized by a monotonically increasing S-shaped function. For the smaller stimulus height P correct is around 0.5, indicating that the observer could not discriminate the test stimulus from the comparison. P correct increases with increase in the stimulus height and reaches 1.0 at the larger stimulus height, indicating that the observer discriminated the test stimulus from the comparison. For the stimulus with the motionparameter (8 frms, 40 ms, 4.2 min), the P correct vs. stimulus-height function begins to rise at the smaller stimulus-heights than that for the stimulus with the motion-parameter (2 frms, 320 ms, 11 min). sRDK. We selected the motion-parameters in Table 1 because preliminary observations indicated that they were quite effective in demonstrating the distinct induction effects (i.e. motion assimilation and contrast) to be reported in experiment 2A.
Obser6ers
One of the authors (YO) and an undergraduate student (TS), who was naive to the purpose of the present study, participated in the experiments. YO was emmetropic; TS was myopic and used prescribed contact lenses to correct his acuity. The observer positioned his head on a chin rest and viewed the display binocularly at a distance of 160 cm in a darkened room. The observer was instructed to fixate at the center of the monitor. No fixation point was provided.
The results obtained for the two observers were confirmed to be in good agreement with those for another observer (KI, one of the authors).
Experiment 1
In experiment 1, we determined the stimulus size below which the perceptual integration occurred, and examined the property of the summation process underlying the perceptual integration. The 'critical' size which was assumed to indicate the spatial extent of the summation process was measured as the height of the stimulus below which the observer was not able to discriminate the test stimulus (composed of sRDKs with different signal proportions) from the comparison stimulus (composed of sRDKs of identical signal proportion). In experiment 1A, the critical size was determined for each motion-parameter. In experiment 1B, the summation property for the stimuli of the critical size was examined.
As the critical size, which indicates the maximum stimulus size at which the perceptual integration occurred, we took the stimulus height at which P correct equaled 0.55; with this stimulus height, the observer could not discriminate the three strips of dots in the test stimulus in 90% of the trials. 2 The critical size for the stimulus with each motion-parameter is represented in the lower panel of Fig. 2 ; the left portion is for observer YO, and the right for observer TS. Different columns denote the critical sizes for the stimuli with different motion-parameters. Each column shows the mean of at least four critical size estimates, which were calculated for each session. Vertical bars denote 9 1 S.D.
The result clearly shows that, for each observer, the critical size is not constant across the motion-parameters. The critical size is smallest for the stimulus with the motion-parameter (8 frms, 40 ms, 4.2 min), and largest for the stimulus with (2 frms, 320 ms, 11/8.5 min). This indicates that the spatial extent of the summation process is not fixed but varies depending on the number of frames, the frame duration, and the interframe displacement of sRDK.
One thing to be mentioned here is that the choice of the 0.55 correct level of the P correct vs. stimulus-height function is not crucial in demonstrating the variation of the critical size with change in the motion-parameter. While the choice is not indisputable, more than a 3-fold change in the critical size across the motion-parameters actually remains when the critical size is defined by, say, the 0.75 level of the function.
Experiment 1B
In experiment 1A, the spatial extent of the summation process was determined by estimating the critical size below which the observer failed to discriminate the test from the comparison stimulus. Here the signal proportion of the comparison stimulus (33%) was chosen so that the value nominally equaled the signal proportion over the three fields in the test stimulus (50, 0 and 50%). This choice is based on the assumption that, below the critical size, the local motion signals are averaged in the summation process which is common to the antagonistic and the non-antagonistic mechanisms. This assumption is simple and may be plausible, but has not been validated in our experimental situation. In experiment 1B, the validity of the assumption was examined by quantifying the apparent coherence of motion of the test stimulus set at the critical size.
Methods
The apparent coherence of motion of the test stimulus was matched with that of the comparison. A two interval forced choice procedure was employed. In each trial, the test and the comparison stimuli were successively presented in random order, separated by a 1000 ms interval of blank screen. The observer was required to report the interval in which the stimulus appeared to move more coherently.
The height of the test stimulus was set at the critical size determined in experiment 1A, so that the test stimulus was seen to move as a uniform entity, not as a composite of distinct fields. For the test stimulus, the signal proportion in the center field was 0%, and the proportion in the upper and the lower fields was 50%. ) is plotted as a function of the stimulus height expressed by the sum of the heights of the three fields. Circles are for the data with the motionparameter (8 frms, 40 ms, 4.2 min), and the diamonds are for the data with the motion-parameter (2 frms, 320 ms, 11 min). Curves represent the functions fitted with Eq. (1) (see text for the details). Lower panel: the critical size (at which P correct = 0.55) is shown for the stimuli with different motion-parameters. The left portion is for YO and the right for TS. Shaded, hatched, and open columns are for the stimuli with the motion-parameters (8 frms, 40 ms, 4.2 min), (4 frms, 160 ms, 6.4 min) and (2 frms, 320 ms, 11/8.5 min), respectively. Each column shows the mean of at least four critical size estimates, which were calculated for each session. 
The relation between P and the signal proportion of the comparison stimulus can be well characterized by a monotonically increasing S-shaped function. The signal proportion of the comparison stimulus at P= 0.5, where the perception 'comparison more coherent' and 'comparison less coherent' are equally likely, corresponds to the apparent coherence of motion of the test stimulus. It is clearly shown in the figure that the matched signal proportion lies around 33% for each observer and for each of the motion-parameters. The values are between 34 and 36% for observer YO, and between 34 and 39% for TS. This result supports the assumption that, at (and below) the critical size, the motion signals are averaged by the summation process, and empirically verifies the validity of the use of the 33% sRDKs for the comparison stimulus in experiment 1A. Further, this implies that there exists a center subregion which is characterized by spatial linear summation irrespective of the type of the center-surround mechanism (i.e. antagonistic or non-antagonistic).
Experiment 2
Experiment 2 was designed to investigate the interaction which extends over a much larger scale than the summation process. This type of interaction, assumed to be mediated by the induction process, was investigated by examining how the apparent direction of motion of a target stimulus was affected by an inducing stimulus presented outside the region where the summation process for the target prevailed.
4.1. Experiment 2A
Methods
The target stimulus (referred to as 'target') was the sRDK presented in the center field, and the inducing stimulus ('inducer') was the sRDKs presented in the upper and the lower fields. The height of each field was set at the critical size determined in experiment 1A, so that the total height of the three fields was three times larger than the critical size. The signal proportions of the target and the inducer were randomized independently across trials. The signal proportion of the target was varied between − 50% and + 50%, and that of the inducer was either −50% or + 50%. The positive value of the proportion was assigned to the signal dots displaced rightward, and the negative value to those displaced leftward. The inducer with + 50% signal appeared to move unambiguously to the right, and that with − 50% signal to the left. Each session consisted of ten trials for each signal proportion of the target and For the comparison stimulus, the signal proportion in each of the three fields was varied between 0% and 70% across trials. The signal dots in the test and the comparison stimuli were displaced in the same direction, and the direction was varied at random between trials. Each session consisted of 20 trials for each value of the signal proportion of the comparison stimulus. The motion-parameter was varied across sessions. For each motion-parameter, at least four sessions were executed.
Results
The results of experiment 1B are shown in Fig. 3 , where the proportion of the trials in which the comparison stimulus was perceived to move more coherently is plotted as a function of the signal proportion of the comparison stimulus. Different symbols denote the data for the stimuli with different motion-parameters. Curves represent the functions fitted with a Weibull function the inducer. The motion-parameter of the stimulus was varied across sessions. At least four sessions were executed for each motion-parameter.
In each trial, the observer was required to indicate the apparent direction of motion of the target (either leftward or rightward). Prior to each trial, a thin rectangular contour, which demarcated the center field, was presented for 500 ms, followed by a blank screen (0.0 cd/m 2 ) of 500 ms. Fig. 4 represents examples of the data obtained in a single session for one observer (YO). The upper panel is for the stimulus with the motion-parameter (8 frms, 40 ms, 4.2 min), and the lower panel is for the stimulus with the motion-parameter (2 frms, 320 ms, 11 min). In each panel, the proportion of the trials in which the observer reported that the target appeared to move leftward (P left ) is plotted as a function of the signal proportion of the target. Curves represent the functions fitted with the following function by the method of least squares,
where the variable x represents the signal proportion of the target. This equation is a modification of a Weibull function (Eq. (2)) to allow for the monotonically decreasing characteristic and the negative values of x we employed.
In each panel, the three curves show a common monotonically decreasing S-shaped characteristic, but their positions along the abscissa vary depending on the presence and the signal proportion of the inducer. In the upper panel, the P left vs. signal-proportion function for the target with the inducer of − 50% signal (circles) shifts to the left relative to that obtained without the inducer (triangles). For the target with the inducer of +50% signal (squares), the function shifts to the right. Since the inducer of −50% signal is perceived to move leftward, and the inducer of + 50% signal is perceived to move rightward, these shifts of the function imply that the target is more likely to move in the opposite direction to the inducer. It is clear that motion contrast occurs for the stimulus with the motion-parameter (8 frms, 40 ms, 4.2 min).
In the lower panel, on the other hand, the P left vs. signal-proportion function for the target with the − 50% signal inducer shifts to the right relative to that obtained without the inducer. For the target with the + 50% signal inducer, the function shifts to the left. The effect of the inducer on the apparent direction of the target is opposite to that shown in the upper panel. This implies that the target is more likely to move in the same direction as the inducer; for the stimulus with the motion-parameter (2 frms, 320 ms, 11 min), motion assimilation occurs.
To quantify the effect of the inducer on the apparent direction of the target, we calculated the point at which P left equaled 0.5 (the 'uncertainty point'; UP), and defined a motion induction index (MI index) by the following formula MI index= UP ( − 50) − UP ( + 50) 
where UP ( − 50) denotes the uncertainty point of the P left vs. signal-proportion function for the target with the − 50% signal inducer and UP ( + 50) denotes the uncertainty point for the target with the + 50% signal inducer. By definition, the MI index is negative when motion contrast is observed (the upper panel in Fig. 4) , and it is positive when motion assimilation is observed (the lower panel in Fig. 4) . 1A was the target size yielding the 0.55 correct level in a forced-choice procedure. If our procedure leads to the underestimation of the size of the center subregion tapped by the stimulus with the motion-parameter (2 frms, 320 ms, 11/8.5 min), the summation process may operate over a much larger region than the estimated critical size. Then, in experiment 2A, the inducer in that stimulus might have activated not only the surround subregion but also the center subregion of the antagonistic mechanism; as a result, the inhibitory effect from the surround subregion might have been 'defeated' by the summational effect within the center subregion. This possible artifact may be reduced or removed: (1) by using a larger inducer, because it will tap the surround subregion more effectively; and/or (2) by using a larger target, because it will push the inducer out of the center subregion. We carried out experiment 2B to examine these predictions.
Methods
The motion-parameter was fixed at (2 frms, 320 ms, 11/8.5 min), and the sizes of the target and the inducer were varied. The height of either the target or the inducer was set as large as possible in our experimental setup. For the condition where the inducer was enlarged, the height was 2.4°. For the condition where the target was enlarged, the height was 3.5°for observer YO and 3.7°for TS. The latter values correspond to the 0.90 and 0.73 levels of the P correct vs. stimulus-height functions obtained in experiment 1A. This implies that, at these sizes, the stimuli with different signal proportions (50, 0 and 50%) may well be segregated perceptually, so that the target is very likely to extend beyond the center subregion with the inducer being located at the surround subregion. Fig. 6 shows the results. The MI index is plotted for each observer and for each stimulus condition. Shaded and hatched columns indicate the MI indices for the stimuli with the enlarged inducer and those with the enlarged target, respectively. For comparison, the data obtained in experiment 2A are replotted from Fig. 5 (open columns). The results clearly indicate that, as compared with the data obtained in experiment 2A, the facilitative induction effect did not diminish but greatly increased when the inducer was enlarged (shaded vs. open columns), and that the effect remained almost unchanged when the target was enlarged (hatched vs. open columns). Thus, the motion assimilation for the stimulus with the motion-parameter (2 frms, 320 ms, 11/8.5 min) is ascribed to the effect caused not by the inducer component in the center subregion, but by that in the surround region. We conclude that the results of experiment 2 demonstrate the existence of the centersurround non-antagonistic mechanism which involves the facilitative induction process.
Results
The MI indices for each observer and for each motion-parameter are shown in Fig. 5 . In the figure, each column is the average of at least four estimates of the MI index calculated for each session. For both observers, the MI index is negative for the stimulus with the motion-parameter (8 frms, 40 ms, 4.2 min), and positive for the stimulus with the motion-parameter (2 frms, 320 ms, 11/8.5 min). This result indicates that motion contrast was obtained for the former stimulus, while motion assimilation was obtained for the latter. For the stimulus with the motion-parameter (4 frms, 160 ms, 6.4 min), motion assimilation was weak (for observer YO), or neither assimilation nor contrast was obtained (for observer TS).
These results indicate the two types of the induction process, i.e. inhibitory and facilitative, which extend over much larger scales than the summation process examined in experiment 1. This is consistent with the notion that, in addition to the center-surround antagonistic mechanism, there exists a non-antagonistic mechanism in human visual motion processing.
Experiment 2B
A critical question about the interpretation for motion assimilation, obtained for the stimulus with the motion-parameter (2 frms, 320 ms, 11/8.5 min), is that it may be 'contaminated' by the summation process. Recall that the critical size determined in experiment 
Experiment 3
Experiment 2 provided evidence for the coexistence of the center-surround antagonistic and the non-antagonistic mechanisms by showing the long-range facilitative and inhibitory inductions which were effective well beyond the spatial limit of the summation process. Further, the relative contribution of the two mechanisms to motion interaction changed depending on the motion-parameter. Since most of the current models of motion processing are based on a representation of spatiotemporal frequency properties of the stimulus, a next important question is how the two types of induction effects are prescribed, and the two mechanisms are characterized, in terms of the frequency domain. Experiment 3 addressed this issue by examining the effects of the frame duration and the inter-frame displacement on the motion interaction. We chose the two-frame display and the parameter values described below, because, together with the data of experiment 2A, we can systematically inspect the relative dominance of motion assimilation and contrast in terms of the spatiotemporal frequency characteristics of the stimulus (see Section 6).
Methods
The stimulus was the same as that employed in the two-frame condition in experiment 2A, except that the frame duration (dt) was reduced to 40 ms and/or the inter-frame displacement (dx) to 4.2 min. The observer's task and the experimental procedure were identical to those in experiment 2.
Results
The results for the two observers are shown in Fig. 7 . The data for (dt= 320 ms, dx= 11/8.5 min) were replotted from Fig. 5 . For the dt of 320 ms, the MI indices show positive values of around 20 irrespective of dx. For the dt of 40 ms, on the other hand, the MI indices for the dx of 11/8.5 min are nearly zero (squares), and those for the dx of 4.2 min show negative values around −20 to −30 (circles). These results indicate that motion assimilation occurs predominantly for the stimulus with the larger dt, and motion contrast occurs when both dt and dx are the smaller. The latter point is especially interesting in that multi-frame presentation is not a requisite to obtain motion contrast (cf. Ido et al., 1997) . Further, since the stimulus size in this experiment is much larger than that in experiment 2A at which motion contrast was obtained (see Figs. 2 and 5), the result suggests that the center subregion of the antagonistic mechanism may vary depending on the motion-parameter of the stimulus. subregion which is much larger than that in experiment 1 ((8 frms, 40 ms, 4.2 min) for which the critical size was around 0.5°). The full set of the present data suggests that the spatial extent of the summation process of the antagonistic mechanism, and presumably that of the non-antagonistic one, may be determined not by a single parameter, but by a combination of all three of the motion-parameters.
Antagonistic and non-antagonistic mechanisms
Experiment 2A clearly demonstrated the existence of the center-surround antagonistic and the non-antagonistic mechanisms in human visual motion processing. The existence of the two mechanisms may be supported by physiological evidence. Born and Tootell (1992) reported the existence of neurons of two different types of receptive field property in the cortical area MT of the primate. One had a surround subregion whose action reinforced the centers directional response, and the other had a surround that inhibited the center response. Further, the two types of neurons with different surround subregions were anatomically segregated within MT. Born and Tootell (1992) suggested that the latter may be suited for calculating local motion contrast, while the former for calculating global motion properties. Along with the previous studies which elucidated the involvement of the area MT in the processing and the perception of moving random-dot stimuli (Newsome & Paré, 1988; Britten, Shadlen, Newsome & Movshon, 1992; Salzman, Murasugi, Britten & Newsome, 1992) , these two types of neurons may provide the physiological basis for the center-surround antagonistic and non-antagonistic mechanisms.
Experiment 2B indicated that the facilitative induction accumulated over space and extended at least up to 6°across the fovea, suggesting that the surround subregion of the non-antagonistic mechanism is rather large. The facilitative effect extending over several degrees parallels the finding by Watamaniuk and Sekuler (1992) who examined global direction discrimination for a version of RDK. They showed that the sensitivity continued to increase with increase in the stimulus size, up to a diameter of 9°. The improvement in the directional judgment may be subserved by the non-antagonistic mechanism with a large surround subregion.
Induction effects in the spatiotemporal frequency domain
Up to this point, we have examined the relative dominance of motion assimilation and contrast in terms of the motion-parameter (n, dt, dx) of the stimulus. According to the space-time representation, the main results of experiments 2 and 3 are summarized as shown in Fig. 8 : motion contrast was dominant when 6. Discussion
Spatial extent of the summation process
Experiment 1 showed that the critical size below which perceptual integration for sRDK occurs is not fixed but varies depending on the number of frames, the frame duration, and the inter-frame displacement of sRDK. Several authors have investigated the perceptual integration of stimulus regions having different local motion properties, and estimated the spatial scale where the integration occurred (Chang & Julesz, 1984; Nawrot & Sekuler, 1990; Murakami & Shimojo, 1993 . Murakami and Shimojo (1996) pointed out that the estimates in these studies did not agree but showed some variation, and speculated that the variation might be explained by the difference in the retinal eccentricities where the stimulus was presented. Our result suggests that the difference in the motion-parameter in the previous studies may also have influenced the estimates of the spatial scale of the perceptual integration.
The spatial extent of the summation process might be related to the receptive field size of motion processing units. In a physiological study of the macaque, Mikami, Newsome and Wurtz (1986) reported that the receptive field size of direction sensitive neurons in V1 and MT was positively correlated to the amount of displacement of apparent motion stimulus to which the neurons were most responsive. The result is apparently consistent with those of experiment 1 which showed that the critical size increased with increase in dx, but in the experiment the other two parameters (n and dt) were changed as well. Further, experiment 3 indicated that, when all the parameters were small (i.e. (2 frms, 40 ms, 4.2 min)), motion contrast occurred with the height of the target and the inducer as large as more than 1°. Although the critical size was not determined experimentally, it is likely that the antagonistic mechanism mediating motion contrast in experiment 3 has a center both dt and dx were smaller (the lower-left box), and motion assimilation was dominant when both were larger (the upper-right box). The magnitude of assimilation was not affected by reducing dx (the upper-left box), but it was almost diminished by reducing dt (the lower-right box).
A useful way to examine these results is to represent the stimulus properties in the spatiotemporal frequency (SF-TF) domain. Since the sRDKs used in the present study were the same in the SF components (widely distributed over the SF range), we consider here the change in the TF components with change in the motion-parameter. According to the formulation of time sampled motion display, the Fourier transform of the 'staircase' motion (as used in the present study) is composed of the main component passing through the origin (SF=0, TF=0) and parallel replicas at intervals of the sampling TF (i.e. 1/frame duration). With the other parameters being constant; (a) increase in the number of frames (n) reduces the width of the main component and the replicas along the TF axis (see Fig.  9a ); (b) increase in the inter-frame displacement (dx) makes the stimulus velocity higher with the sampling TF constant, so that the slope of each component becomes steeper with its center of rotation (at the intersection of each component and the TF axis) constant (Fig. 9b) ; and (c) increase in the frame duration (dt) makes the stimulus velocity lower, and decreases the sampling frequency, so that the slope of each component becomes more gentle with its center of rotation (at the intersection of each component and the SF axis) constant.
3 Increase in the frame duration also limits the power of the spectrum within the lower TF region (Fig. 9c) ; see Watson, Ahumada and Farrell (1986) for the cases (b) and (c). The Fourier spectra shown in Fig. 10 (in the same layout as in Fig. 8 ) indicate that these are exactly the case for the inducers used in experiment 2A and 3. The spectrum for the target in each condition (with the signal proportion of 0%; uncorrelated dots) is uniformly distributed over the same SF-TF region as that of the inducer.
Comparison of the frequency spectra with the experimental results (Fig. 8 ) might lead to a supposition that motion assimilation may occur when the frequency spectrum of the stimulus has substantial (aliasing) replicas near the main component which makes it difficult to extract the motion signal based on the first-order (Fourier) properties of the stimulus, while motion contrast may occur when the spectrum is not contaminated by such replicas so that the motion signal may be extracted based on the first-order properties. However, this supposition is inconsistent with the results of Nishida et al. (1997) who employed grating stimuli in the multi-frame motion display. They showed that, for the counterphase target grating (comparable to our target in that it was directionally ambiguous), motion assimilation (for two of the three observers) occurred with the inducing grating drifting at a temporal frequency at about 1 Hz. Since the frequency component of the drifting grating is very much localized in the TF as well as the SF domain, the motion assimilation they obtained cannot be explained in terms of the aliasing components. Further, Nishida et al. (1997) found that clear motion contrast occurred with the second-order stimuli (i.e. contrast-modulated RDK). This is also inconsistent with the supposition that motion contrast Fig. 9 . The effects of the motion-parameter on the spatiotemporal frequency spectrum of the stimulus. The light and the dark bars denote the spectra for different values of the parameter. Increase in n, dx, and dt changes the light bars into the dark bars. In each panel, the center bars indicate the main components of the spectrum and the upper and the lower ones are aliasing replicas. See text for the details. 3 The SF-TF representation of the ith replica (i =0 for the main component) is described as y = (w TF /w SF )·x+i·w TF where w TF ( =1/dt; Hz) and w SF (cpd) refer to the spatial and the temporal sampling frequencies, the latter of which is assumed to be constant here. The x-intercept of the replica is −i·w SF . When the frame duration (dt) is multiplied by k( \1), the temporal sampling frequency w% TF becomes w% TF =(1/k)·w TF , so that
The x-intercept in this case is − i·w SF , indicating that each replica intersects the SF axis at the same point irrespective of dt. Fig. 10 . The spatiotemporal frequency spectrum of the inducers used in experiments 2 and 3. The power of the spectrum represents the relative amplitude scaled by the maximum value for each condition (white =1.0; black= 0.0). For clarity of the plot and simplicity of calculation, several parameters were changed from the actual stimulus. Specification of the x -t plots (not shown here): spatial sampling and dot size =2 min, range of x= 258 min (in unit of dot-size (2 min)), temporal sampling= 10 ms, range of t = 2560 ms (the stimulus is presented from (1280− T) to (1280+T) ms where T =(number of frames × frame duration)/2), dot density= 0.1 (all the dots were assumed to be the signal), inter-frame displacement= 4, 6, 12 min. may be caused only by the first-order properties of the stimulus.
An alternative interpretation is that motion assimilation and motion contrast may be caused by different ranges of the TF signal of the stimulus. Notice that if one arranges the six panels in Fig. 10 in accordance with the range of TF of the main component, i.e. (a), (b), (c), (d)/(f) and (e), the induction effect changes systematically; motion assimilation is dominant when the power is restricted within the lower TF region, it diminishes and changes into motion contrast with increase in the TF range, and finally, any induction effect disappears at the widest range (presumably because the TF becomes too high). The interpretation that the two types of the induction process may be related to the TF component of the stimulus is supported by the previous grating studies. Nishida et al. (1997) showed that, for the first-order stimuli, motion assimilation with the slowly moving inducer (1 Hz; see above) diminished with increase in the temporal frequency of the inducer, and changed into motion contrast at around 5 -10 Hz. The results for the second-order stimuli were less definite, but a similar change from motion assimilation to contrast was observed at least for one observer. Furthermore, since the two-frame motion display with a long frame duration (e.g. 500 ms; see also Fig. 9a,b) limits the power of the frequency spectrum within the lower TF region, motion assimilation reported by Ohtani et al. (1995) and Ido et al. (1997) (see Section 1) agrees with the notion that it is caused by the lower TF signal of the inducer. Given the present results and those of the previous studies, we conclude that motion assimilation is caused mainly by the lower TF signal of the stimulus, and motion contrast by the higher TF signal. This implies that the center-surround antagonistic and the non-antagonistic mechanisms are sensitive to the higher and the lower TF signals, respectively. The results of Nishida et al. (1997) suggest that, although not decisively, the two mechanisms may be activated not only by the first-order stimuli but also by the second-order stimuli.
Two points should be mentioned here concerning the above mentioned interpretation. First, it is for the long-range induction effects but not for the short-range 'assimilation' (or integration) effect mediated by the summation process. The results of Nawrot and Sekuler (1990) and Murakami and Shimojo (1993) (as well as those of experiment 1 in the present study) indicate that the latter occurs over the whole range of the spatiotemporal frequency, as long as the stimulus size is below a critical value.
Second, a number of studies showed that, for a static target, motion contrast occurred with a very slowly moving inducer with no hint of change into motion assimilation (e.g. Levi & Schor, 1984; Nishida et al., 1997) . The results are not incompatible with our conclusion if it is assumed that the TF signal effective in inducing motion contrast and assimilation may be prescribed by that of the target. For the static target, the frequency spectrum of the target is localized on the SF axis (TF= 0), so the TF signal of the inducer effective for motion contrast extends into the lower region, and the signal effective for motion assimilation may become too low to tap the motion pathway. This may result in that, for the latter case, motion of the inducer cannot be detected, leading to the absence of motion assimilation.
